Although recent studies have demonstrated that patients with schizophrenia and healthy controls did not differ in the speed of age-related decline in cortical thickness and performances on cognitive tests, hemodynamic changes assessed by functional neuroimaging remain unclear. This study investigated age effects on regional brain cortical activity to determine whether there is similar age-related decline in cortical activity as those observed in cortical thickness and cognitive test performance. Method: A total of 109 patients with schizophrenia (age range: 16-59 y) and 106 healthy controls (age range: 16-59 y) underwent nearinfrared spectroscopy (NIRS) while performing a verbal fluency test (VFT). Group comparison of cortical activity was examined using 2-tailed t tests, adopting the false discovery rate method. The relationship between age and cortical activity was investigated using correlational and multiple regression analyses, adjusting for potential confounding variables. A 2-way ANOVA was conducted to investigate differences in the age effects between diagnostic groups. Results: The patient group exhibited significantly decreased cortical activity in several regions of the frontotemporal cortices. However, slopes of age-dependent decreases in cortical activity were similar between patients and healthy individuals at the bilateral frontotemporal regions. Conclusions: Our study showed no significant between-group differences in the age-related decline in cortical activity, as measured by NIRS, over the frontotemporal regions during a VFT. The results of our study may indicate a decrease in cortical activity in a relatively limited period around illness onset rather than continuously progressing over the course of the illness.
Introduction
Schizophrenia historically has been viewed as a chronically deteriorating disease, a concept that has been reinforced by several structural MRI findings of progressive tissue loss in the brain. 1, 2 However, this historical concept was recently questioned in several studies, including a meta-analysis conducted by Zipursky et al, 3 who proposed that the progressive brain changes revealed by MRI in patients with schizophrenia (SZ) might be due to other factors, such as antipsychotic medication, substance use, or lifestyle, rather than the disease course itself.
Recent MRI studies have begun to focus on progressive changes in cortical thickness because cortical thickness is assumed to reflect the underlying neuropathology of schizophrenia. 4 It is interesting to note, however, that several cross-sectional studies have found no interaction effects between age and diagnostic group on cortical thickness variation among patients with first-episode psychosis (FEP) or chronic schizophrenia (ChSZ). [5] [6] [7] Moreover, Nesvag et al 8, 9 found that the decreases in frontotemporal cortical thickness associated with aging were similar in ChSZ and healthy controls (HC) in both crosssectional and longitudinal studies. Similarly, Kubota et al 10 demonstrated similar age-related decline in cortical thickness between SZ and HC, both globally and regionally, in the prefrontal and temporal cortices. On the other hand, other longitudinal studies 11, 12 demonstrated accelerated decreases in regional cortical thickness in ChSZ.
With regard to cognitive function, Fucetola et al 13 found that, compared with HC, SZ scored lower but demonstrated similar age-related declines in most neuropsychological functions, with the exception of abstraction ability. Moreover, Bora et al 14 also found no progressive cognitive decline in patients with ultrahigh risk and firstepisode psychosis at follow-ups, indicating cognitive deficits are already established before prodromal phases of psychosis. These findings in neuroimaging and neuropsychological studies may indicate that pathological alterations in schizophrenia may occur at a relatively early stage of illness and are within the normal range in later stages. 10, 13 However, relatively few functional neuroimaging studies have been conducted comparing age effects for SZ and HC. In a study using positron emission tomography with 18-fluoro-2-deoxyglucose (FDG-PET), Siegel et al, 15 demonstrated that, although there was no significant relationship between age and whole-brain glucose metabolic rate, SZ showed a greater decrease in their whole-brain glucose metabolic rate, compared with HC, in the lateral and medial superior frontal cortices during the continuous performance test. Similarly, an FDG-PET study that used a memory task found more pronounced age-related decreases in the lateral, medial-frontal, and anterior-temporal regions in SZ. 16 However, the small sample sizes of these PET studies make it difficult to draw definite conclusions. 17 Hence, studies with larger numbers of subjects and those using different neuroimaging modalities are warranted to better understand the relationship between aging and cortical activity.
Multichannel near-infrared spectroscopy (NIRS), a functional neuroimaging technology widely used in recent years, can measure the hemodynamics over the surface of the cortices of the bilateral frontotemporal regions. 18 This technique enables the detection of spatiotemporal characteristics of brain function by measuring the concentrations of oxy-hemoglobin ([oxy-Hb]) and deoxyhemoglobin ([deoxy-Hb]), which are assumed to reflect the regional cerebral blood volume as demonstrated by good correlations with functional MRI (fMRI) signals. 19 Previous studies have revealed age-related changes in [oxy-Hb] during a letter version of the verbal fluency test (VFT) in HC 20, 21 or SZ. 22 In schizophrenia, we have demonstrated progressive declines in cortical activities as the clinical course progresses (Ultrahigh risk vs FEP vs chronic SZ) 23 in our previous work. However, to the best of our knowledge, a comparison of the effects of age on cortical activity between the 2 groups has not been addressed in previous NIRS studies.
Against this background, this study aimed to use NIRS in a large sample of participants to elucidate whether age-related changes in brain cortical activity would differ between SZ and HC during a VFT.
Materials and Methods

Participants
One hundred and nine SZ and 106 HCs participated in this study (table 1) . There were no significant differences regarding the distributions of age, sex, or premorbid IQ between the 2 groups. All participants were native Japanese speakers. This study complied with the Declaration of Helsinki and was approved by the Research Ethics Committee of the University of Tokyo Hospital (approval No. 630-6). All participants received a complete explanation of the study and gave written informed consent. The SZ group included 28 first-episode patients and 81 chronic patients (age range: 16-59 y), and the HC group included healthy individuals (age range: 16-59 y). Most participants in the SZ group were receiving antipsychotic medication (drug naive [n = 8], typical [n = 24], atypical [n = 50], typical and atypical [n = 26], and 1 person for whom data were missing). Patients were recruited from both outpatient and inpatient services at the University of Tokyo Hospital, the University of Tokyo Health Service Center, and other psychiatry clinics. Patients in this study were diagnosed by 1 of 3 experienced psychiatrists (S.K., R.T., and/or K.K.) according to the criteria defined by the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV). 24 For those participants referred from other psychiatry clinics, we would perform structured clinical interview for DSM-IV Axis I Disorders (SCID) 25 and/ or discuss with their primary psychiatrists to confirm the diagnoses. Healthy participants were recruited from various routes, including public recruitment boards, university recruitment boards, Internet referral, hospital staff and via other participants. All healthy participants were screened using the SCID-Non-Patient edition (SCID-NP) or the Mini-International Neuropsychiatric Interview. 26 Exclusion criteria for both groups were neurological illness, traumatic brain injury with any known cognitive consequences or loss of consciousness for more than 5 minutes, a history of electroconvulsive therapy, a history of pervasive developmental disorder, or alcohol/ substance abuse or addiction.
Clinical Measures
The Global Assessment of Functioning (GAF) scale and the Positive and Negative Syndrome Scale (PANSS) 27 were used to assess a patient's functioning level and symptoms and were administered on the same day as the NIRS measurements. Handedness was evaluated according to the Edinburgh Inventory, 28 where right-handedness is defined as a score more than 70 points. Premorbid IQ was estimated with the Japanese version of the National Adult Reading Test. 29 If patients were taking antipsychotics, benzodiazepines, or antiparkinsonian agents, we calculated the chlorpromazine, diazepam, or biperiden equivalent doses.
30,31
Cognitive Activation Test
Participants were administered the 160-second blockdesign VFT, which is an effective cognitive test for NIRS measurement in schizophrenia. 22, [32] [33] [34] [35] The 160-second block-design VFT contains 3 different time periods: a 30-second pretask period, a 60-second task period, and a 70-second posttask period. In the 30-second pretask and 70-second posttask periods, patients were instructed to say Japanese vowels (/a/, /i/, /u/, /e/, and /o/) repeatedly to control for and remove task-related motion artifacts during the task periods. During the 60-second task period, patients were instructed to say as many words as possible that started with a phonological syllable presented as an audible instruction by a computer. The task period consisted of 3 continuous 20-second subperiods that were initiated by a single syllable selected from 9 possible syllables (first, /to/, /a/, or /na/; second, /i/, /ki/, or /se/; third, /ta/, /o/,or /ha/). Transitions between the 20-second subperiods were continuous. We recorded the total number of corrected words generated during the task as an index of task performance.
NIRS Instrument
We used a 52-channel NIRS instrument (ETG-4000; Hitachi Medical Co) to measure changes in hemoglobin concentration. The NIRS probe attachments were thermoplastic 3 × 11 shell sets with 52 channels. The lowest probe line was set along the Fp1-Fp2 line, as defined by the international 10-20 system used in electroencephalography. The distance between pairs of source and detector probes was set to 3.0 cm. We defined the measurement area between each probe-set pair as one "channel," which was sufficient to measure depths between 20 mm and 30 mm from the scalp. This depth corresponds to the surface of the cerebral cortex.
NIRS measurements were performed while participants sat in a chair with their eyes open with the probe attachment resting on their heads. Participants were instructed to maintain a relaxed state and avoid voluntary movements to minimize motion artifacts. The NIRS instrument measures changes in both oxygenated and deoxygenated hemoglobin concentrations using 2 wavelengths (695 nm and 830 nm) of near-infrared light (indicated as mM) on the basis of the Beer-Lambert law. 36 We could not measure the absolute path length from the scalp to the cerebral cortex; therefore, we recorded hemoglobin concentrations from baseline to activation periods. Relative changes in hemoglobin concentration were indicated by mM·mm.
Acquired NIRS signals were acquired using a time resolution of 0.1 second. We set the moving average window to 10 seconds to remove short-term artifacts such as heartbeats and small movements. We determined changes in the task-related signal by calculating a linear fit to 2 baseline periods that included the last 10 second of the pretask period and the last 10 second of the posttask period. Obvious waveform artifacts were removed using a computer program adopted in our previous studies. 22, 37 This program excluded whole signal changes for each rejected channel; thus, the number of available channels varied among individuals (all patients: The spatial information of each channel was estimated by using data from the Functional Brain Science Laboratory at Jichi Medical University in Japan. 38, 39 According to the LONI Probabilistic Brain Atlas (LPBA40), 40 NIRS channels can record functional hemodynamics within the frontal, temporal, and parietal cortices, bilaterally. Similar to our previous study, 34, 35 we anatomically labeled NIRS channels only after the LPBA region of highest probability was determined (see supplementary material I for LPBA40 anatomical labels). We used the mean changes in [oxy-Hb] measured during the VFT as an index of cortical activity because [oxy-Hb] better reflects brain cortical activity and demonstrates stronger correlations with blood oxygenation level-dependent signals measured by fMRI. 41, 42 Statistical Analysis Group Comparison of Cortical Activity During the VFT. Two independent sample t tests were conducted to examine group differences in demographic variables and mean [oxy-Hb] changes during the VFT in 52 channels, adopting the false discovery rate (FDR) method. 43 Sex differences were examined using a chi square test.
Correlational Analyses Between Age and Cortical Activity in HC and SZ Groups. First, Pearson correlations were calculated between age and mean [oxy-Hb] changes in 52 channels for both groups, using FDR to correct for multiple comparisons. We set the value specifying the maximum FDR to 0.05 so that there were no more than 5% false positives on average. 43 Second, to elucidate the independent contributions of age to mean [oxy-Hb] changes in those channels that showed significant correlations, we performed stepwise multiple regression analyses for both groups. In these analyses, mean [oxy-Hb] change was the dependent variable, and we controlled for other potential confounding variables such as gender (dummy parameterized, male = 1, female = 0), premorbid IQ, and VFT performance in both groups and added factors such as GAF score, PANSS score, and antipsychotic dose in the analyses of the SZ group, with a probability of F for conservative entry and removal criteria of 0.05 and 0.1, respectively. For significant findings, effect sizes were indicated using the standardized regression coefficient (β). Because multiple regressions focused on NIRS channels where brain activity was shown to be significantly correlated with age after FDR-method, no further correction was applied and predictors were considered significant at P < .05. 34 In addition, we also investigated the correlation between age and VFT performance.
Comparison of Age Effects Between Groups. First, we conducted a 2-way ANOVA to evaluate the interaction between age (104 younger and 111 older subjects, divided by the median age, 32.0 y; the younger group: mean age 25.4, SD 4.2 y; the older group: mean age 39.2, SD 7.0 y) and diagnostic groups (HC = 1, SZ = 0). Second, we compared age regression slopes of the HC and SZ groups. Two-tailed t tests were applied to compare z-transformed r coefficients of age and cortical activity between the 2 groups. A FDR-corrected P < .05 was considered significant. All data were analyzed using SPSS 18.0 (IBM Inc).
Results
Cortical Activity During the VFT in Both Groups
Compared with HC group, the SZ group demonstrated significantly lower cortical activity in 31 channels during the VFT (ch10, 11, 17, 19, 21, 23-32, 34, 36, 38-42 , and 44-52; FDR-corrected P < .0298). These channels were approximately located at the bilateral middle frontal gyrus (MFG), bilateral inferior frontal gyrus (IFG), bilateral precentral gyrus, bilateral middle temporal gyrus (MTG), bilateral superior temporal gyrus (STG), left postcentral gyrus, and left superior frontal gyrus (SFG).
Correlational Analyses of Cortical Activity and Age in Both Groups
In the SZ group, 39 channels demonstrated significant correlations between age and cortical activity (ch3-5, 7-11, 13-21, 24-29, 31-32, 35-40, 42-43, and 45-50; FDR-corrected P < .0375; r = −.214 to −.378). In the HC group, there were significant correlations between age and cortical activity in 30 channels (ch1, 4, 6, 11-18, 22-28, 32-38, and 44-48; FDR-corrected P < .0289; r = −.218 to −.456), as shown in figure 1 .
Among those 39 channels demonstrating significant correlation with age in the SZ group, multiple regression analyses revealed significant contributions of age in 16 channels (β = −.193 to −.332; uncorrected P < .05) among other confounding factors (table 2) . In addition, the total PANSS score did not show significant contributions to brain cortical activity. On the other hand, significant contributions were found for male in 28 channels (ch8-10, 
Comparison of Age Effects on Cortical Activity Between Groups
The 2-way ANOVA did not reveal significant interactions between age and diagnostic group for any of the 52 channels. In addition, the age regression slopes did not significantly differ between the 2 groups in all 52 channels (see supplementary material II for details).
Discussion
To our knowledge, this is the first study to investigate age effects on brain cortical activity during a VFT in a large sample of healthy individuals and SZ using multichannel NIRS. The main findings showed similar age effects on cortical activity at the bilateral frontotemporal regions of participants in both groups.
Age Effects on Brain Activity During the VFT
In this study, we found age-dependent decreases in cortical activity over the frontotemporal regions during a VFT using NIRS instrument in both HC and SZ groups. This is consistent with previous research that has found aging effects on morphological or functional changes of the brain in HC and SZ. In healthy individuals, structural MRI studies have reported prominent loss of volume [44] [45] [46] [47] [48] and/or cortical thickness [49] [50] [51] over the frontotemporal regions in the normal aging process. Several PET studies also have demonstrated age-dependent decreases in cerebral blood flow, cerebral blood volume, or cerebral glucose metabolism rate during the resting state or during a cognitive task in healthy individuals. [52] [53] [54] Age effects on functional MRI blood oxygenation level-dependent signals also can be observed during resting state, 55 language tasks, 56 or auditory stimuli. 57 On the other hand, in SZ, previous studies have found effects of aging on the structure and function of the brain. Several longitudinal and cross-sectional volumetric MRI studies have demonstrated progressive gray matter loss globally or regionally. 1, 2, [58] [59] [60] [61] [62] Moreover, recent studies have demonstrated age effects on cortical thickness in SZ. 7, 9, 10, 63 Though rare, functional neuroimaging studies have demonstrated age-dependent decreases in cerebral blood flow, cerebral blood volume, or cerebral glucose metabolism in schizophrenia by using simple-photon emission computed tomography 64 or PET studies. 16, 18, 65 In this study, the age-related decline in cortical activity of HC during the cognitive task was consistent with findings of previous NIRS studies that used a calculation task, 66 ,67 a working memory task, 68 a color-word-Stroop task, 69 and a VFT. 21, 70 In contrast, Heinzel et al 20 demonstrated a positive correlation between cortical activity and In the SZ group, we demonstrated age-related decline in cortical activity similar to those reported by Takizawa et al 22 but not those by Shinba et al. 71 Shinba et al did not find significant correlations between age and cortical activity in the prefrontal area during a random number generation test in 13 schizophrenia patients as measured using 2-channel NIRS. However, in this study, we used a multichannel NIRS instrument and recruited a large number of participants, which enabled us to examine the age effects on brain functions in greater detail.
There are several possible explanations for the agerelated declines in cortical activity demonstrated in our study. First, reduced activation of frontotemporal regions during a VFT in older subjects might be due to altered functional brain organization. 20, 66 During a VFT, the effortful retrieval of words involves behavioral strategies, such as clustering of words from 1 category within a phonological or semantic task condition and switching between categories, (ie, the effective search process of finding new categories). 72 As elderly subjects have been shown to exhibit relatively decreased switching compared with young subjects, 73 different strategies might contribute to age-related neural differences. Second, the mechanisms of coupling between brain cell activity and blood flow are altered during the aging process. Such alterations may attenuate the temporary physiological mismatch between oxygen delivery and consumption during brain activation. 74 Third, the age-dependent decrease in cerebral perfusion and metabolism in the resting state is hypothesized to result from the combined effects of direct neuronal loss, cellular biological impairment, and functional deafferentation, 52 and such mechanisms also could explain the aging effects on brain cortical activity. 21 Fourth, one may argue that due to brain atrophy during aging, the brain volume under investigation is smaller in older adults. Thus, NIRS sensitivity may be affected by the scalp-cortex distance (SCD), 75 which may have affected our results. Therefore, future studies investigating the relationship between cortical activity measured by NIRS and underlying changes in brain structures are warranted. Fifth, aging is accompanied by the degeneration of the vascular system. 76 Therefore, regional cerebral flow may decrease with age as vessel stiffness is enhanced, causing a reduction in the cerebral metabolic rate of oxygen. 77 If the age-related declines in cortical activity were due to age-related alterations in vasculature, both mean [oxy-Hb] and [deoxy-Hb] changes should show similar patterns of correlation with age. Because we did not find significant associations between age and mean [deoxyHb] changes in this study, we consider this explanation less plausible (please see supplementary material III for details).
Similar Age-Related Decline in Cortical Activity Over Frontotemporal Areas Between the SZ and HC Groups
In this study, we found similar age effects on cortical activities over the bilateral frontotemporal regions during a VFT in both groups. This is inconsistent with the findings of a PET study that showed a more negative slope of age in cerebral glucose metabolic rate in SZ in the lateral and medial-frontal and anterior-temporal regions. 17 The differences between the study done by Shihabuddin et al and ours could be attributed to different sample sizes. Study done by Shihabuddin et al included 42 study subjects (18 patients with schizophrenia or schizoaffective disorder and 24 control subjects), while ours recruited a larger number of participants (n = 215) with a wide age range (16-59 y), which enabled investigations of age effects on brain functions with increased statistical power. Therefore, it is difficult to directly compare the results of these 2 studies. Although no other NIRS-related studies have examined age effects on brain function between HC and SZ groups, our previous cross-sectional study revealed that brain cortical activity in SZ decreases as the clinical course progresses (Ultrahigh risk vs FEP vs chronic SZ) compared with HC. 23 Meanwhile, more recent studies have suggested that substantial progressive brain morphological alterations are most prominent in a relatively early stage of the illness 62, 78, 79 but not at later stages. 8, 62, [78] [79] [80] [81] [82] Therefore, Kubota et al 10 concluded that pathological alterations in cortical thickness might occur at a relatively early phase of schizophrenia and changes might be within the normal range in later phases. Our study demonstrated cortical areas similar to those identified by studies that focused on the effect of age on cortical thickness, such as the bilateral SFG, 10 bilateral MFG, 9,10 right IFG, 7 and right MTG. 10 Because NIRS measures cortical brain activity, the hypothesis proposed by Kubota et al 10 regarding pathological alterations in cortical thickness may be a reasonable explanation of our findings.
Limitations
Several limitations of this study should be considered. First, considering the cross-sectional design, the effects of age on brain activity should be interpreted with caution. Although our results provided some interesting findings, a cross-sectional design does not allow decisive conclusions to be drawn regarding disease-related decreased brain activity and the progression of reduced cortical activations over the course of illness. Second, we did not measure the SCD in all participants because SCD may affect NIRS sensitivity. Cui et al 83 investigated this topic using simultaneous NIRS and fMRI and suggested that the measured NIRS signals would contain high-frequency noises when SCD is longer than 22 mm. In our study, the SCDs of the prefrontal and temporal regions in participants were mostly within 14 mm. Moreover, there have been several NIRS studies focusing on dementia with reliable results. 84, 85 Therefore, we believe brain atrophy has negligible impact on the results. Future studies should simultaneously measure MRI and NIRS in order to investigate the effect of SCD. Third, patients' antipsychotic medication could be a confounding variable because the effects of medication on cortical activity may be influenced by dosage, medication type (typical vs atypical), and patients' adherence to treatment. In our previous studies, we did not find significant correlations between antipsychotic dosage and cortical activities. 22, 34, 86 However, in this study, we found significant effects of antipsychotic dosage on cortical activities in SZ. Further, we did not evaluate the effects of different types of antipsychotic medication due to limited sample sizes. Because it was proposed that the types and dosages of antipsychotics might be associated with brain structural changes, 3 these factors should be taken into consideration. However, because this study was naturalistic and did not control for medication usage, we could not further analyze the effects of medication on cortical activities. Finally, the small number of participants at older age in this study limited our conclusions on late-life trajectory. Future studies on these topics are warranted.
Conclusion
This study revealed that schizophrenia was associated with reduced cortical activity during a VFT and that similar age-related declines in cortical activity were found over the bilateral frontotemporal regions in SZ and HCs. Consistent with previous MRI and neuropsychological studies that suggest reductions of cortical thickness or cognitive impairments in schizophrenia occur relatively early in illness, results of our study may indicate a decrease in cortical activity that occurs in a relatively limited period around illness onset rather than progressing over the course of the illness.
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